Abstract: Frequency-dependent capacitance C(ω) is a rapid and reliable method for the determination of the state-of-charge (SoC) of electrochemical storage devices. The state-of-the-art of SoC monitoring using impedance spectroscopy is reviewed, and complemented by original 1.5-year long-term electrical impedance measurements of several commercially available supercapacitors. It is found that the kinetics of the self-discharge of supercapacitors comprises at least two characteristic time constants in the range of days and months. The curvature of the Nyquist curve at frequencies above 10 Hz (charge transfer resistance) depends on the available electric charge as well, but it is of little use for applications. Lithium-ion batteries demonstrate a linear correlation between voltage and capacitance as long as overcharge and deep discharge are avoided.
Introduction
Batteries and supercapacitors [1] [2] [3] have conquered compact electronic systems for portable applications. As reversible short-time power sources, supercapacitors are used for light emitting diode torches (LED), computer memory backup, actuators and fire protection drive units. Current lithium-ion batteries already reach specific energies above 140 Wh/kg. Integrated electronic systems require life-cycle monitoring of these energy storage devices.
The definition of the state-of-charge (SoC) is based either on the momentary value of open-circuit voltage U(t) or the available electric charge Q; for capacitors, the capacitance value C is employed as well.
Alternatively, SoC measurements [4] use
1.
The relative voltage until 'zero' or the end-point voltage U e is reached:
2.
Ampere-hour counting of the consumed electric charge Q due to the load current I(t), starting from the known initial charge or nominal capacity Q 0 , whereby a coulombic efficiency η ≈ 1 is estimated:
1.
The rapid redox reactions at the phase boundary between electrode and electrolyte (charge transfer reaction), especially with overcharging and electrolyte decomposition, change in time according to a logarithmic relation: U ∼ ln t (voltage U, time t).
2.
The diffusion limited voltage relaxation in the porous electrodes in the course of several hours, especially in the presence of traces of water, seems to obey a square root law: U ∼ t 1/2 . The diffusion current density by excess ions i from the electrolyte, which cause the self-discharge, follows Fick's 2nd law (dc/dt = D d 2 c/dx 2 ; molar concentration c, layer thickness x ≈ 60 µm, diffusion coefficient D ≈ 4 × 10 −13 ·m 2 ·s −1 ) at given temperature and starting voltage U 0 > 1 V [20] :
3.
The genuine self-discharge in the electric field between the microporous electrodes within some days follows an exponential law:
The leakage current by self-discharge, in the range of microamperes depending on the ambient temperature, can roughly be estimated with the assistance of the rated capacitance C of the supercapacitor, and the gradual drop of the momentary open-circuit voltage in time [21] :
The mechanisms of self-discharge are speculative. The ions, which adsorb at polar groups in the carbon material (C-O, C=O, COOH), seem to lose their mobility so that consequently the ionic conductivity of the electrode/electrolyte interface drops [22] . A concentration-driven reorganization of the multilayer adsorbed ions into the deeper pores of the electrodes might be possible. The thicker the blocking layer for the charge-transfer reaction, the greater the leakage resistance. Tevi's model [23] treats self-discharge with the assistance of the Butler-Volmer equation at given rate constant k(E,d) = −(dE/dt)/E, electrode potential E, and barrier layer thickness d. The empirical coefficients α, β, and m are found by a comparison of electrodes both with and without additional polymer layer.
4.
The long-term trend of self-discharge after months and years is largely unknown [24] . It was reported that the leakage resistance R L continuously increases. However, it slows in time, until a maximum is reached [25] . The R L (t) curve was described to show three slopes: after 24 h, after some weeks, and after some months; then it drops again.
The voltage-time curve of a supercapacitor, starting from different states-of-charge, is not simply an exponential function; rather it follows a fifth-order polynomial [26] . There is no clear equivalent circuit that completely displays the self-discharge processes. The C R L parallel network with the leakage resistance R L appears to be insufficient. In a further alternative, ladder networks comprising three and more R-C elements might be fruitful.
Frequency Response of Capacitance
We propose to utilize capacitance as a measure of the SoC. The definition of capacitance, C = Q/U, suggests a practical correlation between electric charge Q and voltage window ∆U. The capacitive voltage drop in time is useful for constant-current discharge measurements. In addition, a given scan rate v allows capacitance determination by cyclic voltammetry, thus, evaluating both charge and discharge currents.
For capacitance determination using impedance spectroscopy, we employ the frequencydependent quantity C(ω) [27] .
Batteries 2018, 4, 35 4 of 13 Equation (10) might be interpreted as the parallel combination of a frequency-dependent capacitor and a resistor, although no specific model is required, and can, therefore, be used for in-depth evaluation of complex impedance without any previous knowledge on reaction kinetics [28] . A perfect capacitor does not show any self-discharge or leakage current. A real capacitor, however, tends to discharge during several weeks when stored at open terminals. Therefore, the equivalent circuit provides a leakage resistance in parallel to the capacitance (Figure 1 ). Under the assumption that this leakage resistance is infinitely large, Equation (10) becomes Equation (11) .
At frequencies above 1 kHz, the phase boundary capacitance between electrode and electrolyte turns towards the geometric double-layer capacitance of the active surface. At low frequencies, ions from the electrolyte penetrate the porous electrode material, and battery-like faradaic reactions play a role. The resulting pseudo capacitance, C(ω,T,U), depends on frequency, temperature, and voltage, and cannot be modeled by intuitive and simply plausible equivalent-circuits [29] .
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State-of-Charge of Batteries
At present, there is a need for a reliable impedance method for the SoC determination for automotive applications. Earlier approaches [30, 31] concentrated on the cell resistance. The internal resistance R of a lithium-ion battery was reported to reach an unclear minimum around SoC ≈ 50%. The curvature of the U-shaped R(SoC) characteristics [32] was found to grow with the age of the battery and corresponds to the gradually increasing slope of the line of R/SoC against SoC, which might be used as a measure of the battery state-of-health (SoH).
The charge transfer resistance (first arc in the impedance spectrum) drops with increasing C-rate (discharge current), according to Ohm's law: R ~ I −1 . Depending on the cell chemistry, the resistance at frequencies above 100 Hz is usually reduced with recharging the battery. Unfortunately, the relative change of cell resistance strongly depends on temperature [33] . The passivation and chargetransfer resistance of cobalt-manganese and nickel-cobalt-aluminum batteries are significantly determined by the graphite anode [34] . Lithium iron phosphate (LFP) provides a small internal resistance although the diffusion resistance in the solid phase is large.
The diffusion resistance (second arc in the impedance spectrum) gets slightly smaller at high Crates. With repeated charging the battery, the slope of diffusion impedance (third section in the complex plane) appears less steep.
Deep discharge dramatically alters both the charge transfer and the diffusion impedance. The growing imaginary parts in the diffusion arc at low frequencies (0.01 Hz) indicate that the battery has 
The charge transfer resistance (first arc in the impedance spectrum) drops with increasing C-rate (discharge current), according to Ohm's law: R ∼ I −1 . Depending on the cell chemistry, the resistance at frequencies above 100 Hz is usually reduced with recharging the battery. Unfortunately, the relative change of cell resistance strongly depends on temperature [33] . The passivation and charge-transfer resistance of cobalt-manganese and nickel-cobalt-aluminum batteries are significantly determined by the graphite anode [34] . Lithium iron phosphate (LFP) provides a small internal resistance although the diffusion resistance in the solid phase is large.
The diffusion resistance (second arc in the impedance spectrum) gets slightly smaller at high C-rates. With repeated charging the battery, the slope of diffusion impedance (third section in the complex plane) appears less steep.
Deep discharge dramatically alters both the charge transfer and the diffusion impedance. The growing imaginary parts in the diffusion arc at low frequencies (0.01 Hz) indicate that the battery has been damaged by deep discharge, for example, SoC < 27% of a Ni-Mn-Co oxide/graphite system [31] . The minimum frequency f 2 of the complex plane plot, and, less significantly, the transition frequency f 23 near the real axis between charge transfer and diffusion arc, trend towards small values (SoC < 40%). Cell resistance seems to reflect the SoC in an unreliable way. Hitherto, the value of capacitance has not been considered in detail with respect to SoC measurements in batteries.
Results and Discussion

Self-Discharge of Supercapacitors
The goal of this study was to find a correlation between the capacitance and the SoC. We tried to avoid the impact of electrochemical aging by not applying any current to the supercapacitor, i.e., we observed the self-discharge at open terminals. Our previous experience has shown that fully charged supercapacitors can be stored for several years without showing significant changes of the impedance spectra. Aging does require either thermal stress or overvoltage [29] .
We charged carbon-based supercapacitors at rated voltage, U 0 , for at least 1 h until the leakage current dropped below 2 mA. The devices were stored with open terminals at room temperature and 80 • C for 600 days. The cell voltage was measured every day for some seconds using a high-impedance voltmeter. Impedance spectra were recorded in the frequency range between 10 kHz to 0.1 Hz using a sinusoidal voltage (amplitude: 50 mV) superimposed on the momentary open-circuit voltage. Several tens of repeated impedance measurements of fully charged capacitors did not show any significant impact on the SoC, because of the bias control during the measurement.
The influence of the impedance measurement on the discharge of the capacitor can be neglected because the duration of measurement (approximately 4 min) is much less than the characteristic time constants as determined in Table 1 . The total connection time of the impedance spectrometer is also less than these time constants and the uncertainty arising from the fitting procedure. Compared with the nearly 600 days of the self-discharge experiment, the total duration of all impedance measurements (that were recorded once a week or less) is negligible. The tiny AC currents during the impedance measurements may be neglected as well, because, they periodically charge and discharge the capacitor for a couple of minutes without changing the current SoC.
Impedance Spectra
In the long-term trend, the complex plane plots in Figure 2 show qualitatively the same shape. With increasing self-discharge, the Nyquist plot gets narrower, R(t) is proportional to U(t). The cell resistance, corrected by the electrolyte resistance, R − R e , drops rather than increases in time. Arbitrary shifts on the real axis in the milliohm range are caused by the contact leads. The electrolyte resistance, R e = Re Z(ω → ∞), i.e., the zero passage in the complex plane at about 200 Hz, does not change on the average during self-discharge within the measuring accuracy. In addition, the nearly constant equivalent series resistance (ESR) at 1 kHz and 1 Hz have little meaning for SoC determination, even if the cable resistance R(ω → ∞) is properly subtracted.
The resistance at low frequencies, R(≤1 Hz), does not significantly change with self-discharge. The quarter circle at high frequencies is caused by the grain-boundary resistance of the active carbon particles in the electrolyte solution, which is superimposed by the charge transfer reaction. The more or less linear section at medium frequencies reflects the diffusion of charge carriers between the wet carbon particles. With aged capacitors especially, the resistance at high frequencies is determined by the adhesive that holds together the powder composite on the aluminum current collector.
Capacitance, in contrast to resistance, shows a clear logarithmic correlation with storage time. In general, capacitance at medium frequencies is determined by the charge transfer of electrons at the electrode-electrolyte interface. where α = U/U 0 denotes the SoC. At low frequencies, the frozen mass transport of charge carriers in the porous electrodes leads to a more or less constant capacitance. According to Equation (11), the value C = [ω Im Z] −1 , at any given frequency, changes roughly linearly with the state-of-charge (SoC, α), as shown in Figure 2 .
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The time constant T 1 lies in the range of two weeks for the first 100 days of self-discharge. However, after two months a second time constant T 2 becomes obvious.
For the first 400 days, fit quality reaches more than 99.9%. However, different supercapacitors of the same type show some divergence of the parameters, so that no universal values valid for all devices can be given. Table 1 compiles the self-discharge after nearly 600 days.
With respect to the approximation that e −t ≈ 1 + t −1 , we can explain the reciprocal relationship between cell voltage and time, U ∼ t −1 , which is obvious by the asymptote in the first hours of self-discharge, and as well after some weeks (t 20 d) in Figure 3c .
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In the transition time between 10 and 100 days, cell voltage follows U ∼ −log t, which suggests a self-discharge reaction determined by faradaic charge transfer.
The slope roughly equals B ≈ 0.04 for supercapacitors of different manufacturers. We conclude that the self-discharge of supercapacitors is described best by an exponential function comprising two time constants in the range of several days and weeks, respectively. A third time constant affects self-discharge not earlier than after about ten months. A fourth time constant in the range of five years is not important (Table 1) .
Temperature Dependence
At elevated temperatures, the pseudo-exponential self-discharge characteristics (Figure 4 Nonlinear least squares fitting does not generally exclude a square root law, U ∼ t 1/2 , which explains diffusion processes. However, fit quality is worse than with exponential functions.
At elevated temperatures, the pseudo-exponential self-discharge characteristics (Figure 4 Self-discharge depends moderately on the initial voltage (SoC). With fully charged supercapacitors, the voltage drops more strongly than at incomplete charge. For example, at 50 °C: 2.4 V → 2.25 V (6% change), in contrast to 1.8 V → 1.75 V (3%).
In addition, our earlier investigations [35] indicated that self-discharge increases with rising temperature, following first-order kinetics according to Arrhenius's law.
The activation energy in activated carbon supercapacitors amounts to about EA = 50 Kj·mol −1 , which is typical for sorption processes in heterogeneous catalysis. Hence, slow electrochemical reactions drive a small leakage current across the double-layer at the electrode-electrolyte interface. The mechanisms of self-discharge are speculative at the moment. Redox reactions by impurities and dissolved gases might play a role, as well as the relaxation of overcharged states to a lower potential. Self-discharge depends moderately on the initial voltage (SoC). With fully charged supercapacitors, the voltage drops more strongly than at incomplete charge. For example, at 50 • C: 2.4 V → 2.25 V (6% change), in contrast to 1.8 V → 1.75 V (3%).
The activation energy in activated carbon supercapacitors amounts to about E A = 50 Kj·mol −1 , which is typical for sorption processes in heterogeneous catalysis. Hence, slow electrochemical reactions drive a small leakage current across the double-layer at the electrode-electrolyte interface. The mechanisms of self-discharge are speculative at the moment. Redox reactions by impurities and dissolved gases might play a role, as well as the relaxation of overcharged states to a lower potential.
State-of-Charge of Lithium-Ion Batteries
According to our measurements, the self-discharge of lithium-ion batteries stored at open terminals proceeds substantially slower than with supercapacitors. For comparison purposes, a hybrid supercapacitor was measured, too.
The impedance spectra show two regions ( Figure 5 ):
1.
Electrolyte resistance R e and the subsequent vague quarter-circle, which is related to the lithium-ion conducting passive layer on the electrode (solid-electrolyte interphase, <1000 Hz), semicircle of the double-layer and charge transfer reaction (<100 Hz), 2.
Diffusion impedance of the porous electrodes (<2 Hz).
In this study, the quantity U/U 0 appeared to be a good and simple measure of the SoC, because we aimed to find a general correlation with capacitance. In practical systems, OCV-SoC reference tables are most useful for the estimation of the real SoC and further SoH statements (Zou et al. [8, 9] ).
Batteries 2018, 4, x FOR PEER REVIEW 9 of 13
State-of-Charge of Lithium-Ion Batteries
1. Electrolyte resistance Re and the subsequent vague quarter-circle, which is related to the lithiumion conducting passive layer on the electrode (solid-electrolyte interphase, <1000 Hz), semicircle of the double-layer and charge transfer reaction (<100 Hz), 2. Diffusion impedance of the porous electrodes (<2 Hz).
In this study, the quantity U/U0 appeared to be a good and simple measure of the SoC, because we aimed to find a general correlation with capacitance. In practical systems, OCV-SoC reference tables are most useful for the estimation of the real SoC and further SoH statements (Zou et al. [8, 9] ). 
Capacitice Charge Status
Fully charged lithium-ion batteries were discharged with the help of an external load by defined partial charged dQ until predefined SoC states were reached.
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Capacitance appears to be a roughly linear measure of the cell voltage: U C. Overcharge and deep discharge cause deviations, so that rather a sigmoidal relation is assumed. Using doublelogarithmic axes, a sufficient linearity of capacitance and cell voltage is observed. Table 2 compiles resistances and capacitances of a lithium-ion battery at different SoC values. Capacitance at 0.1 Hz multiplied by the cell voltage yields the approximate actually available electric charge, Q = CU. This means that DC capacitance reflects the true SoC. The capacitance at 100 Hz directly indicates the SoC: α = (C + 1.27)/2.59, in the example in Figure 6 . However, a useful scaling has yet to be found to provide absolute charge values, when AC capacitance is measured at high frequencies. Moreover, it becomes obvious that the state-of-voltage values U/U0 differ from the real SoC Q/Q0. Table 2 compiles resistances and capacitances of a lithium-ion battery at different SoC values. Capacitance at 0.1 Hz multiplied by the cell voltage yields the approximate actually available electric charge, Q = CU. This means that DC capacitance reflects the true SoC. The capacitance at 100 Hz directly indicates the SoC: α = (C + 1.27)/2.59, in the example in Figure 6 . However, a useful scaling has yet to be found to provide absolute charge values, when AC capacitance is measured at high frequencies. Moreover, it becomes obvious that the state-of-voltage values U/U 0 differ from the real SoC Q/Q 0 . Curve Fitting
The Nyquist plot of a lithium-ion battery can be modeled by a capacitance (constant phase element, CPE) in parallel to the solid-electrolyte interphase (SEI) and charge-transfer resistance. The diffusion arc obeys a Warburg impedance W, supplemented by a serial capacitance C 0 , which considers the periodic intercalation of lithium ions during the impedance measurement. In additional, an inductance L shifts the impedance spectrum towards positive imaginary parts (Huang et al. [31] ). L − R e − (CPE 1 ||R 1 ) − (CPE 2 ||R 2 ) − W − C 0 (19) where − denotes a series combination, || a parallel combination. The frequency at the minimum of the semicircle (most negative imaginary part in mathematical convention) reflects the reciprocal of the time constant of the charge-transfer process, τ = (2π·f ) −1 = RC.
, and C = Q 
The Warburg coefficient roughly equals α ≈ 0.9 for the SEI and α ≈ 0.6 for the charge transfer process of a 15 Ah-NCM/graphite battery (Huang et al. [31] ).
In recent approaches, the impedance spectrum is transformed to the time domain to find out the statistical distribution of the time constants of a hypothetical transmission line model consisting of a ladder network of incremental dR dC elements [34, 36] .
As far as the curve fitting efforts are concerned, we conclude that the simple correlation of capacitance and SoC fits for the purpose of practical use.
Conclusions
To summarize, the cell resistance appears to be an inappropriate measure of the available electric charge in a storage device. The capacitance value determined at a frequency of about 100 Hz allows a straightforward SoC control of supercapacitors and lithium-ion batteries. There is no need for any model descriptions or equivalent circuits, which are often unclear and complicate the system analysis during operation.
For lithium-ion batteries, capacitance extracted from impedance spectra reliably indicates the available electric charge in the working range between full charge (without overload) and cut-off voltage (without deep discharge). An approximately linear correlation was found between capacitance at medium SoC values:
Log denotes the decadic logarithm. This relation is obstructed by external charge/discharge currents so that a sigmoidal function is more reasonable in the regimes of overcharge and deep discharge. A correlation that directly yields absolute SoC values from impedance spectra is still missing.
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